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It is essential to understand the size scaling effects on the mechanical properties of graphene 
networks to realize the potential mechanical applications of graphene assemblies. Here, we 
use a “highly dense-yet-nanoporous graphene monolith (HPGM)” as a model material of 
graphene networks to investigate the dependence of mechanical properties on the intrinsic 
interplanar interactions and the extrinsic specimen size effects. The interactions between 
graphene sheets could be enhanced by heat treatment and the plastic HPGM is transformed 
into a highly elastic network. A strong size effect was revealed by in situ compression of 
micro- and nano-pillars inside electron microscopes. Both the modulus and strength are 
drastically increased as the specimen size reduces to ~100 nm, because of the reduced weak 
links in a small volume. Molecular dynamics simulations reveal the deformation mechanism 
involving slip-stick sliding, bending, buckling of graphene sheets, collapsing and 
densification of graphene cells. In addition, a size-dependent brittle-to-ductile transition of the 
HPGM nanopillars is discovered and understood by the competition between volumetric 




Carbon nanomaterials are crucial for mechanical applications, such as MEMS and NEMS 
sensors and structural composite materials, because of the extremely strong carbon-carbon 









 bonded diamond nanowires.
[3]
 Over the last decade, 
various macro monoliths have been fabricated through assembling graphene and graphene 
oxide sheets,
[4]




 aerogels and foams,
[7]
 and compact blocks.
[8]
 
Diverse mechanical properties and behaviors have been demonstrated. For example, near 
isotropic graphene monoliths have been constructed by densely packing graphene sheets, with 
     
3 
 
the compressive strength over 200 MPa.
[5a, 8]
 Silicate-bridged graphene assembly (SGA) has a 
high hardness up to 13.1 GPa.
[9]
 In addition, graphene fibers with the modulus ~ 280 GPa and 
tensile strength ~1.45 GPa have been reported.
[10]
 In contrast, ultralight graphene foams with 
the pores larger than 10 micrometers demonstrated superelasticity with up to 90 % strain.
[7a, 7c, 
7f]
 A recent theoretical simulation on the three-dimensional graphene cellular assemblies 
predicted that their specific strength is potentially much higher than that of steel, at a 
relatively high density.
[11]
 However, the fundamental questions of the deformation 
mechanism, intrinsic microstructure and extrinsic size effects have rarely been studied, 
particularly utilizing experimental approaches. 
In this work, a “highly dense-yet-porous graphene monolith (HPGM)” is used as a model 
material to investigate the mechanical properties and behaviors of graphene networks, with a 
particular interest in the influences of intrinsic interplanar interactions and extrinsic specimen 
size, these questions have been extensively and intensively investigated for many other 
materials.
[2-3, 12]
 The graphitic sheets are crumpled and entangled to form a three-dimensional 
nano-porous network, combining two seemingly incompatible properties: high porosity with a 
specific surface area ~370 m
2




 Such high-density porous 
carbon based materials have demonstrated superior performance in energy storage devices, 




 and Li–S 
batteries with high volumetric energy density.
[16]
 Here, the mechanical behaviors of HPGM 
are investigated at multiple length scales by nanoindentation and in situ compression inside a 
scanning electron microscope (SEM) and a transmission electron microscope (TEM). It is 
discovered that the rigidity of the graphene networks could be enhanced by heat treatments. 
High plasticity and high elasticity are obtained with the HPGM treated at room temperature 
and high temperatures, respectively. In addition, with the decrease of the specimen size, both 
the compressive strength and modulus are drastically increased, along with a brittle-to-ductile 
transition. Molecular dynamics (MD) simulations reveal the deformation mechanism 
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including sliding and bending of weakly linked graphene sheets, buckling and densification of 
strongly linked graphene sheets, followed by collapsing and densification of graphene cells. 
The size effects on the strength, modulus, and mechanical behaviors are explained in the 
frame of a network model considering weak and strong links and the competition of 
deformation energy and dilation energy. 
 
2. Results and Discussion 
X-ray tomography (Figure S1) shows the macroscopically uniform, isotropic and compact 
structure, consistent with the high packing density. TEM characterizations of HPGM treated at 
room temperature and high temperatures (HPGM-RT and HPGM-HT) are shown in Figure 1. 
During drying of the graphene hydrogel, capillary force induced the graphene sheet to be 
curved, crumpled, entangled and assembled around the evaporating and shrinking liquid 
template to form a nanoporous network, as depicted by the schematics (Figure 1a) and TEM 
image (Figure 1c). The cellular diameters are in the range of 3~5 nm, and the wall thicknesses 
are around 3 nm, i.e. a few graphitic layers. From the curved graphene fringes, the graphene 
sheets are assembled with random orientations. It is worth pointing out that the size of 
individual graphene sheets is about several micrometers, therefore it is reasonable to assume 
that they are in a highly crumpled state and extended to hundreds of nanometers and tens of 
cells. Because of the highly anisotropic structure of the graphene sheet with strong covalent 
bonding in plane and van der Waals forces between planes, the cellular boundaries within one 
continuous graphene sheet are expected to be strongly linked. And those pores composed of 
different graphene sheets are expected to have weak links. After heat treatment at 1600 
o
C, the 
nanoporous structure of HPGM-HT is well kept, and the atomic structure became more 
ordered, as depicted by the straight graphitic fringes (Figure 1b, d). It is also noted that 
rounded pores are changed into polyhedron-like shapes, also indicating the reconstruction of 
graphitic planes. Because of the enhancement of crystalline structure and interactions between 
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the graphitic planes, the flexible network of the HPGM-RT is transformed into a rigid network 
of the HPGM-HT. 
 
Figure 1 Structure of nanoporous graphene networks. (a, c) Schematic and TEM image of 
graphene assemblies, where curved graphene sheets are entangled into a three-dimensional 
nanoporous flexible network. (b, d) After heat-treatment at 1600 
o
C, the graphene fringes 
become straight, revealing enhanced crystallinity and interplanar interactions of a rigid 
network. 
Nanoindentation was used to characterize the mechanical properties of the bulk HPGM 
treated at different temperatures (Figure S2). With a load limited to 5 mN, the indented depth 
for the HPGM-RT could reach up to ~1100 nm. The maximum depth reduced dramatically, to 
only ~542 nm for the HPGM-HT treated at 1600 
o
C, demonstrating an enhanced hardness. 
When the indenter was retracted, HPGM-RT and HPGM-HT unveiled distinct behaviors, with 
the HT treated samples elastically recovered to the initial position, while HPGM-RT showed a 
plastic deformation of ~37 %. Indeed, the extracted reduced modulus and nanohardness are 
both enhanced when the HPGM was heat treated. HPGM-RT is quite soft with the modulus 
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and hardness averaged at ~2.95 GPa and ~0.20 GPa, respectively. In contrast, the modulus 
and hardness reached ~9.08 GPa and ~1.00 GPa for HPGM-HT. The different moduli imply 
changes in the deformation mechanism, with the modulus of HPGM-RT close to C44 of 
graphite corresponding to sliding between graphitic layers,
[17]
 and the modulus of HPGM-HT 
is close to that of isotropic graphite.
[18]
 Nanoindentation experiments at different loading and 
depth have been conducted for both HPGM-RT and HPGM-HT (Figure S3). It is interesting 
to notice that both the modulus and hardness are decreased along with the increase of the 
penetrating depth and contact volume, indicating a size effect on the mechanical properties. 
The indentation process was observed by in situ SEM imaging, as demonstrated in Figure 2. 
The plastic deformation of HPGM-RT and elastic recovery of HPGM-HT are well captured 
by SEM images before and after indentation. While a triangular imprint was left on the 
surface of HPGM-RT under loading to 10 mN (Figure 2b), only a slight trace was detected 
after the indentation for HPGM-HT, even the load was 30 mN (Figure 2e). Under a load of 30 
mN, the plastic deformation for the HPGM-RT was ~65 %. In contrast, HPGM-HT could 
recover elastically to ~92 % even under a load of 80 mN. The change in mechanical behaviors 
is consistent with the alteration of microstructures. After high temperature treatment, the 
interactions between graphene planes and, in turn, the crystalline order are enhanced, as 
revealed by the HRTEM image (Figure 1), and pronounced (002) peak from X-ray diffraction 
(XRD).
[13]
 As a result of the enhanced rigidity, easy interplanar sliding is restricted, and 
HPGM was transformed from a flexible network with high plasticity to a highly elastic 
network. 




Figure 2 Mechanical characterizations of bulk HPGM by in situ SEM nanoindentation. 
(a-b) SEM images of HPGM-RT before and after nanoindentation under a load of 10 mN. (c) 
Load-displacement curves of HPGM-RT with the loads limited at 10 mN, 20 mN and 30 mN, 
revealing a plastic deformation. (d-e) SEM images of HPGM-HT before and after 
nanoindentation under a load of 30 mN. (f) Load-displacement curves of HPGM-HT with the 
loads limited at 20 mN, 40 mN and 80 mN, characterized by the elastic recovery. 
To investigate the size effects on the compressive properties of HPGMs, micro- and nano-
pillars with a diameter ranging from ~ 100 nanometers to ~ 5 micrometers were fabricated by 
focused ion beam (FIB). SEM images of a HPGM-RT micropillar before and after 
compression are shown in Figure 3a-b and the stress-strain curve is depicted in Figure 3c. The 
pillar has a diameter of 4.1 μm and a height of 8.0 μm. Multiple yielding-cracking events 
were detected with the first yield at a stress of 156.5 MPa and a strain of 8.6 %. The pillar was 
continuously compressed revealing a stress plateau at ~205 MPa, until the retraction of the 
indenter at a strain of 58.0 %. After unloading, a plastic deformation of 40.9 % was recorded, 
corresponding to ~70.5 % of the maximum strain. SEM image after compression shows 
multiple cracks initialized from the top and side portions. An interesting waving morphology 
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is observed as a result of layer-by-layer buckling. Therefore, even though cracks were 
initiated and propagated, no catastrophic failure was observed, indicating that stress 
concentration at the crack tips could be effectively dissipated through the highly curved and 
interlinked flexible graphitic network. Repeated compression on the same HPGM micropillar 
has been conducted. A second loading demonstrated a similar linear relation in elastic region 
but showed a slightly higher modulus at a larger displacement (Figure S4) due to partial 
densification during the first loading. Then compression tests were carried out on the HPGM-
HT micropillars (Figure S5). Compared with the HPGM-RT pillars, the modulus and 
maximum stress are both enhanced, consistent with the nanoindentation results. The ultimate 
failure is featured by a catastrophic stress drop at 0.45 GPa at a strain of ~8.8 %. The pillar 
was bounced off after the brittle fracture, as revealed by the SEM image in Figure S5b. The 
distinct mechanical properties of HPGM-RT and HPGM-HT are consistent with the 
mechanical behaviors revealed by nanoindentation, reflecting a flexible network for the 
former and a rigid network for the latter. 
Smaller pillars of HPGM-RT with a diameter smaller than 1 μm, named as nanopillars, 
were compressed inside a TEM. Figure S6 and Figure S7 demonstrate the compression 
properties of two nanopillars, with the diameters of ~575 nm and ~357 nm, respectively. For 
both pillars, cracks were observed to nucleate and propagate from the top, representing a 
quasi-brittle behavior, like that of the micropillars. However, as the diameters decrease, the 
maximum stress, defined as the strength, was drastically enhanced, from ~0.21 GPa 
(micropillars) to ~0.91 GPa and ~ 1.57 GPa (nanopillars). Such a “smaller, stronger” trend is 
revealed for the first time for the graphene assemblies and is consistent with the discovery of 
the ultra-strength materials with nanoscale structural features.
[19]
 
HPGM-RT nanopillars with diameters around 300 nm were further tested under 
compression, as demonstrated in Figure 3d-f and Figure S8. Instead of cracking, only plastic 
yielding was observed. A high magnification TEM image of the severely deformed area 
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(Figure 3f) reveals a collapsed cellular structure. Such an observation is consistent with the 
classical deformation mechanism of cellular materials, starting from bending and buckling of 
the walls followed by densification due to collapse of cells.
[20]
 For even smaller nanopillars 
with diameters around 100 nm, it was difficult to avoid bending during compression, due to a 
possible slight asymmetry of the testing configuration or the non-uniform deformation process 
due to inhomogeneous cellular structure at nanometer scale. Under bending, one side 
experiences a compressive stress, and the other side is under tensile stress. As revealed in 
Figure S9, even though the nanopillar was bent to ~92.4°, no crack was observed, 
demonstrating an enhanced ductility as the size reducing from micrometer to nanometer 
scales. Typical stress-strain curves of HPGM-RT nanopillars with different diameters are 
presented in Figure 3g. For the relatively large pillars, multiple yielding-cracking was 
observed at a relatively low stress level. For the smaller pillars, the yielding stress was 
enhanced to >2 GPa, while the yielding strain was compromised. The size effects on the 
mechanical properties are summarized in Figure 3h-i. Apparently, as the diameters are 
reduced from ~1 μm to ~100 nm, both modulus and strength are greatly enhanced. In the 
meantime, it is noticed that the scattering of the data points also increases, reflecting the 
variation of the specific local structure in a small volume. It is worth pointing out that the 
moduli of the nanopillars could be as high as ~33 GPa, close to C33 of graphite crystals,
[21]
 
corresponding to the compression between the graphitic layers, indicating that the interlayer 
sliding mode is restricted in the nanoscale HPGM. 
The mechanical properties of the HPGM are compared with typical carbon materials, as 
plotted in Figure 3j. Because of the strong carbon-carbon bonds, the intrinsic strength of both 
sp
3
 bonded diamond and sp
2
 bonded graphene are extremely high, as represented by the near 







 and carbon nanotubes.
[2, 24]
 Besides the individual nanostructures, various 
kinds of three dimensional graphene monoliths have been fabricated, with the mechanical 
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properties largely scaling with the packing density.
[11]
 For example, compact graphene 
monolith demonstrates quite high strength ~ hundreds of MPa.
[8, 25]
 Well aligned graphene 
papers and fibers could have tensile strength > 1 GPa.
[5a, 5c, 6b, 6d-f]
 In the meantime, ultra-
elasticity up to ~ 90% of recovery has been shown by the light-weight graphene aerogels.
[7b, 7c, 
7f]
 Compared with generally brittle conventional graphite based materials with a typical 
strength limited to ~ 100 MPa,
[21]
 carbon nanomaterials have superior mechanical properties. 
The mechanical properties of bulk HPGM-RT in the current work, such as modulus, hardness, 
and strength, are close to the compactly packed graphene monoliths, consistent with the 
general density-dominated scaling law. However, a strong size effect is discovered for the 
HPGM nanopillars, with a remarkable combination of a high strength around 1.7 GPa, and a 
ductility of ~15 %. 
The mechanical properties and size effects of HPGM could be understood via analyzing a 
network model including weak and strong links (Figure 4a). Micrometer scale graphene 
sheets are stacked and assembled into a nanoporous structure. The crystalline order 
determines the interaction between the graphene planes and the network rigidity. The 
interactions between the graphene sheets could be tuned by heat treatment, as a result, the 
modulus of HPGM-HT is notably enhanced compared with that of HPGM-RT. In addition, 
there are two types of links connecting the cells. If the neighboring cells are connected by an 
extended graphene sheet, a strong link of covalent bonding is expected. Otherwise, only a 
weak link of van der Waals forces exists. The number of weak links is proportional to the 
sample volume. The reduced weak links could explain the enhanced strength of the HPGM 
nanopillars. In addition, it is reasonable to assume that the deformation mechanisms of the 
weak and strong links are different, with easy sliding for the former and more resistant 
compression for the latter. As a result, the modulus is enhanced from ~5 GPa (interplanar 
sliding mode of C44) to ~33 GPa (interplanar compression mode of C33). 
The size dependent mechanical behaviors of HPGM-RT pillars could be further analytically 
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understood by considering the competition between two behaviors under compression, 
namely, plastic buckling of the cellular structures due to compressive stress and dilation due 
to transverse strains. The two mechanisms compete and the dominating one determines the 
overall mechanical behavior. Split cracking will occur when the volumetric deformation 
energy (UV) is larger than the critical dilation energy (WV). The volumetric deformation 
energy
[1b]
 and critical dilation energy
[26]
 could be expressed as: 𝑈𝑉 =
(1−2𝜈)𝜎2
6𝐸




 (2), where ν is Poisson’s ratio, σ is the normal stress, E, K are Young’s modulus and bulk 
modulus, and χc is the critical volumetric strain. According to the experimental results, there is 
a critical cracking strain (εc). The related critical volumetric strain (χc) can be calculated by 
the following equation: 𝜒𝑐 ≈ (1 − 2𝜈)𝜀𝑐 (3). The relationship between elastic modulus and 
Poisson’s ratio is: 𝐸 = 3𝐾(1 − 2𝜈) (4). Considering the condition required for split cracking, 
UV>WV, and Eqs. (1-4), when the applied stress reached the plastic instability strength, the 
critical elastic modulus for split cracking (Ec) can be obtained: 𝐸𝑐 =
𝜎𝑝𝑖
𝜀𝑐
 (5), where σpi is the 
size dependent strength and εc is the critical strain for initialize a crack. If the specimen size is 
smaller than this critical value, with E>Ec, the plastic instability would preferentially occur. 
On the opposite, split cracking will be initiated when the specimen size is larger than the 
critical size, with E<Ec. 




Figure 3 Mechanical properties of HPGM micro- and nano-pillars (a-b) SEM images 
before and after a compression test on a HPGM-RT micropillar. The side surface shows a 
periodic buckling feature, with multiple cracks detected both at the top and side portions. (c) 
Stress-strain curve revealing multiple yielding-cracking events. (d-e) TEM images before and 
after a compression test on a HPGM-RT nanopillar. The pillar was plastically deformed and 
the side surface shows a waving feature. (f) High magnification TEM image of a severely 
deformed area, unveiling the collapsed porous structure. (g) Typical stress-strain curves until 
yielding of HPGM nanopillars with different diameters. (h-i) Dependence of modulus and 
maximum stress on the pillar diameter, demonstrating a clear “smaller, harder and stronger” 
trend. (j) Strength versus ductility of the HPGM micro- and nano-pillars, compared with 
typical carbon materials (Table S1). 
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Molecular dynamics (MD) simulations have been carried out to understand the atomic 
deformation mechanism of HPGM. Based on the structural model in Figure 4a, an ideal 
model of orderly packed graphene assembly was constructed to uncover the deformation 
mechanism (Figure S10a-e). In addition, randomly packed graphene assembly, closely 
modelling the experimental structure, was built to get an insight into the deformation 
processes (Figure S10f-h). The compression process of an orderly packed unit is featured by 
sequential sliding, bending, buckling and densification as the compressive stress and strain are 
increased (Figure S11). Along with the buckling of the graphene sheets, multiple abrupt stress 
drops were captured (Figure S11e). A 2×2 extended ordered graphene assembly is constructed 
by stacking the cubic units in three dimensions (Figure 4c). Strong and weak links are 
marked, for the joints with continuous and non-continuous graphene sheets. Under 
compression, sliding-bending was observed for the weakly linked graphene sheets, and 
buckling was observed for the strongly linked sheets. Densification was observed when the 
cellular structure was collapsed, along with the dramatic increase of slope in the stress-strain 
curve (Figure 4b). The essential size effect on the modulus of graphene assembly is well 
demonstrated by comparing the compression of the unit cell and the extended model. The 
slopes of stress-strain curves at around 10 % strain are calculated to be 16.3 GPa and 8.7 GPa, 
respectively, for the former and latter models. Because of the increased number of cells and 
weak links, the deformation of the extended model is not uniform. “Soft” cells connected with 
weak links tend to be compressed preferably, resulted in a lower modulus. With the specimen 
size approaching the critical size of crumpled single graphene sheets, there are no weak links 
and the interlayer sliding mode is restricted, well consistent with the experimentally measured 
modulus of near 33 GPa for the HPGM nanopillars with the diameter around 200 nm (Figure 
3h). Randomly packed graphene assemblies with different densities have been modeled and 
tested in compression (Figure 4b,d). Distinct from the abrupt stress drops corresponding to the 
buckling events for the orderly packed model, the stress-strain curves of the randomly packed 
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models are generally smoother, reflecting the random orientation and isotropic structure. A 
higher stress was observed for the higher density models, reflecting the density scaled 
modulus. The atomic deformation mechanism is like that of the orderly packed models, 
including the sliding-bending of the loosely linked graphene sheets, buckling of the strongly 
linked sheets and final densification of the collapsed cells, also well consistent with the TEM 
observations (Figure 3f). The slope of the stress-strain curve is dependent on the compressive 
strain along with the change of deformation mode. Taking the model with density ~ 1.01 
g/cm
3
 as an example, the slopes at around 10 %, 20 %, 30 % and 40 % were documented to be 
~9.0, ~16.1, ~21.0, and ~33.3 GPa, reflecting the transition of deformation mechanism from 
sliding to compression. Because of the limited calculation capabilities, both the cell thickness 
(t) and cell size (l) are smaller than those of the HPGM structure. For cellular materials, both 
the relative density and modulus scale with the ratio of cell thickness to the cell size (t/l).
[20a]
 
In addition, the bending strain is inversely proportional to the radius of the cell. Thus, smaller 
cells have higher rigidity. Such structural differences are reflected by the higher modulus from 
the MD simulations compared with the experimentally measured results. 










 and even bones
[31]
. Many quasi-brittle materials demonstrate ductile behaviours 
when the specimen sizes are in the sub-micron region. Different types of materials 
demonstrate a similar size-scaling behaviour indicates there is a similar mechanism. Generally, 
brittle behaviours involve localized events such as the propagation of shear bands or cracks, 
which is size dependent following a Griffith-like criterion. In our work, the weak links in the 
graphene networks could be considered as micro-cracks. As the size decreases, the required 
stress for propagating cracks increases, until reaching a level to activate the buckling of the 
cells, leading to the brittle-to-ductile transition. Currently, the mechanical performance of 
HPGM at larger and bulk scales is limited by the weak links in the larger volume. Therefore, 
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the key for practical mechanical applications is to control the number and distribution of weak 
links. Possible strategies include transforming the weak van der Waals forces into strong 
covalent bonding, and introducing hetero ions or functional groups as bridges between 
graphitic sheets to fabricate graphene enhanced composite. 
 
Figure 4 Molecular dynamics simulation of deformation mechanism. (a) Structural model 
of a nanoporous graphene network. Graphene sheets with micrometer dimensions are 
entangled into a nanoporous network, connected by weak and strong links. (b) Calculated 
stress-strain curves of ordered and random models with different packing densities. (c) 
Simulated compression process of an ordered graphene cellular structure, revealing the 
     
16 
 
sliding-bending mechanism at the weak links and buckling mechanism at the strong links. (d) 
Simulated compression process of random graphene porous structure. Stick-slip, bending, 




In summary, the mechanical properties of nanoporous graphene networks are investigated 
at multiple length scales by nanoindentation and in situ SEM and TEM compression, with an 
emphasis on the effects of intrinsic structural and extrinsic specimen size. It is revealed that 
intrinsic interplanar interactions and rigidity of the network could be enhanced by a high 
temperature heat treatment, resulted in a transition from high-plasticity to high-elasticity. With 
the specimen size decreasing from a micrometer to nanometer scale, because of the reduction 
of weak links in the network, both the modulus and strength are dramatically enhanced along 
with a brittle-to-ductile transition. Molecular dynamics simulations unveil the sliding, 
bending, buckling, collapsing and densification mechanisms. Because of the size 
strengthening effects, a remarkable combination of compressive strength ~1.7 GPa and 
yielding strain ~ 15 % is achieved for the nanoporous graphene nanopillars. The size effects 
revealed in this work bridges the gap between individual graphene sheets and carbon macro-
monoliths, and are valuable for designing graphene-based materials and devices at multiple 
length scales. 
 
4. Experimental Section 
Preparation and characterization of HPGM. HPGM was fabricated by the method as 
previously reported.
[13]
 Briefly, a GO colloidal suspension (2 mg/mL, 425 mL) made using 
modified Hummers method was sealed in a 500 mL Teflon-lined autoclave. Then it was 
moved to a muffle furnace for a hydrothermal process at 150 
o
C for 6 h. After the autoclave 
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was cooled, the obtained black cylindrical hydrogel was washed with distilled water and then 
dried at room temperature. HPGM-HT was obtained by heat treatment at 1600 
o
C for 1 h. X-
ray tomography was conducted at a Versa XRM-500 desktop system (Xradia Inc.). The 
microstructure was characterized by a high-resolution transmission electron microscope 
(JEM-3100FEF), equipped with an OMEGA-type energy filter. 
Nanoindentation. The specimen surfaces for nanoindentation were mechanically polished 
with a Silicon carbide P4000 grinding paper, and subsequently polished with a microcloth 
(Buehler) with water spray. The average roughness is smaller than 3 nm. Nanoindentation 
measurements were carried out using a Hysitron, Inc. Triboindenter with a Berkovich 
indenter. The tip truncation of the indenter was calibrated using fused silica. The Oliver and 
Pharr method was used for the tip calibration and the calculation of nanohardness.
[32]
 The 










,where Es and νs are the Young’s modulus and the Poisson’s ratio of the 
specimen, and Ei and νi are the same parameters for the indenter. The loading and unloading 
rates of the indenter were 100 N/s for 1 mN, 5 mN, 9 mN and 14 mN peak loads. The 
probing sites and the indent configurations on the specimen surfaces were checked in situ 
with the SPM before and after the indentation measurements. 
Fabrication of micro- and nano-pillars. Mechanically polished sample was used to 
fabricate nano- and micro-meter size pillars via focused ion beam (FIB, JEOL JIB-4000 or 
Zeiss Auriga dual beam FIB). For in situ tests in TEM, HPGM slices were glued to half-
circled TEM grids and then subjected to FIB milling. Before milling, the sample surface was 
deposited with a carbon layer of about 400 nm in thickness to protect it from Ga
+ 
irradiation. 
The pillars were milled under an acceleration voltage of 30 kV and a final current of 23 pA 
(JIB-4000 FIB) or 10 pA (JEM-9320 FIB) to reduce damage. For in situ tests in SEM, micro-
pillars were milled out directly on the polished bulk sample with a final current of 120 pA.  
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In situ indentation and compression inside SEM. In situ nanoindentation and compression 
tests in SEM (Zeiss Auriga) were carried out using a PI 88 PicoIndenter (Hysitron Inc.) with a 
cube corner indenter and a flat indenter (20 m in diameter), respectively. The stage was tilted 
for 15
o
 to view the real time image. Displacement-controlled mode was applied with loading 
rates of 1-5 m/s for indentations and 5 nm/s for micropillar compression. Repeated 
compression tests have been carried out to investigate possible non-linear or hysteresis 
behaviors. As shown in Figure S4, the loading-depth curves of a first and second test are 
largely overlapped at small strain region, demonstrating a linear relation. However, at larger 
displacement, a second loading demonstrated a higher force, indicating an enhanced modulus, 
probably due to partial densification during the first loading. 
In situ compression in TEM. In situ compression measurements were carried out in a JEM-
2010F TEM by using a PI 95 PicoIndenter (Hysitron Inc.). Flat indenter of 2.6 m in diameter 
was used. Displacement-controlled mode was applied with a loading rate of 2 nm/s. During 
the mechanical measurements, the structural evolution of the HPGM pillars was monitored in 
real-time and recorded by a charge-coupled device (CCD). Possible deformation and 
displacement of the substrate during compression tests have been considered for correctly 
calculating the deformation of the micro- and nano-pillars.
[33]
 
Molecular dynamics simulations. The compression properties were investigated by 
molecular dynamics (MD) simulations utilizing the LAMMPS package.
[34]
 The interactions 
between carbon atoms were simulated by the adaptive intermolecular reactive empirical bond 
order (AIREBO) potential.
[35]
 The interaction between graphene sheets and the fictitious balls 
were modeled with L-J potential with parameter ε=0.01 eV and σ=3-9 Å to obtain the models 
with different density. Such method was successfully used in a previous work to investigate 
the mechanics of a lightweight three-dimensional graphene assembly.
[11]
 Newton’s equation of 
motion was integrated using a Velocity Verlet algorithm. A fixed time step of 0.5 fs was used 
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during the structural optimization and compression processes. The MD results were processed 
by the ATOMEYE and VMD packages.
[36]
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